Finally, the present study proposes a guide to apply the two dimensional perturbation method to the moored-passing ship interaction. In addition, it presents a possibility that the RANS calculation with ACMI can applied to the ship-ship interaction without using a overset moving grid technique.
INTRODUCTION
Over the last 20 years, Very Large Crude Carriers (VLCCs) and large containerships have been developed, manoeuvrability of such large ships have become important in terms of ship operation (or navigation), port design and ship-ship cargo transfer. Especially, ultra large containerships over 20,000 TEU class are developed, and size of the port becomes relatively narrow so that the ship-ship interaction should not be neglected. The VLCCs are in the same situation as the ultra large containerships. Many ports are not suited to receive ships of these size. They may not be deep enough, have narrow entrance or small berth preventing the tankers to be accommodated. Therefore, the time spent in the harbor must be as short as possible. This time is mostly determined by the time needed to unload and re-load the ship. In order to solve it, a lightering operation such as shipship cargo transfer has been applied. In such case of ship-ship cargo transfer, the distance between two ships shall be considered, carefully. In order to safely operate under this situation, the assistance of specialized personnel is needed. As knowledge is very limited on this situation, practical experience is of great value. But very little theoretical knowledge has been acquired on this topic.
Although there have been a number of different approaches in study of the ship-ship interaction such as empirical models, theoretical calculations and model test, it is difficult to study because there are too many parameters to consider. A number of mathematical models were published on the ship-ship interaction based on the model test by Dand (1981) , Kijima (1987) , Vantorre et al. (2002) , Lee (2012) and etc. More importantly, as the ship-ship interaction occurs in shallow water for most of the time, the model tests should be carried out in a basin where shallow water can be realized. However, there are not many model basins that can realize such test set up for the ship-ship interaction in shallow water so that several empirical formula models have been studied based on the limited number of model test data. As for numerical approach, Tuck and Newmann (1976) and Kijima et al. (1991) studied two dimensional perturbation (or slender body) method. Also, beginning with the two dimensional perturbation method, Varyani et al. (1999) proposed an empirical formula for predicting the peaks of the lateral force and the yaw moment during the interaction between two meeting ships. But this formula has the limitation that the moored-passing ship interaction cannot be considered.
Other than the potential theory based method, Chen et al. (2003) performed a RANS based numerical simulation using an overset moving grid (or chimera) on a head-on encounter case, one of a series of model tests performed by Dand (1981) . It is notable that he showed a possibility to apply the RANS simulation on the ship-ship interaction. However, the RANS simulation on the ship-ship interaction takes much more computation time than the two dimensional perturbation method or the empirical formula. Considering that there are many parameter to be taken into account on the ship-ship interaction, the computation time may be the one of important factor in the engineering fields with the practical point of view.
Therefore, the numerical simulation based on the two dimensional perturbation method by Kijima et al. (1991) was performed for a case of the model test by Dand (1981) in order to examine suitability of the results and proposes how to apply the moored-passing ship interaction mentioned previously. The proposed method is to perform the sensitivity test by using the two dimensional perturbation method and compare the experiment by Vantorre or other comparable data such as a RANS simulation. Unfortunately, there were no same hull forms used in the experiment, most similar hull forms (KVLCC1 and KCS) were selected as the studied hull forms. In addition, in order to obtain the other comparable data, the RANS simulation was performed
The RANS simulations performed in the present study did not use the overset moving grid but Arbitrary Coupled Mesh Interface (ACMI), another moving grid method. The overset grid has a great strength where the various ship motions can be simulated freely. However, the computational cost is relatively high and the stability of the solver is weak due to the possibility of orphan cells from the hole-cutting process for the overset grid. On the other hand, the ACMI technique has limitations in simulating the ship motions but is more stable in solving with less computational cost. Also, it is not difficult to use the ACMI technique in RANS simulation as it has been developed and included in OpenFOAM (Jasak, 2009) which is an open-source CFD toolkit.
THEORY

Basic assumptions
In principle, there are many considerable situations for the ship-ship interaction in the restricted water area. But in this study, the situation will be restricted as follows,
• one own ship and one encounter ship in the opened shallow water • one own ship and one encounter ship in the shallow water with restricted vertical side wall
The encounter situation of two ships can be either overtaking or head-on encounter. Based on these restrictions, the coordinated systems for the ship-ship interaction study can be defined as Fig. 1 . In the coordinate system shown in Fig. 1, 
O xy
− represents the calm water plane. Right-handed coordinate systems are defined in this study. The origin of the ship-fixed moving coordinate system is located on the midship of the hull and the x -axis is directed toward to bow. The right-handed coordinate system is considered as the ship-fixed coordinated system for each ship as well. The relationship between the earth-fixed coordinate system and ship-fixed coordinate system can be written as follows, ( )
where TiO S and PiO S are the x and y position of the i -th ship, respectively. For the sign in the right hand side of the Eq. (1), positive value represents that the ship moves to the positive x -direction in the earth-fixed coordinate system.
Boundary conditions
When the water depth is H and assumed as a plate bottom, the boundary condition of the disturbance velocity potential ( , , , ) x y z t φ can be expressed as follows,
where i B represents the surfaces of the i -th ship, C represents the side wall of the channel, n is the normal vector on both the body and the side wall and x n is the x -component of the normal vector n . Three dimensional panel method can obtain the potential which satisfies the above boundary equations. But in this study, a two dimensional perturbation method will be used. Based on the two dimensional perturbation method, the three dimensional flow field around the ship will be considered as the two dimensional flow fields, both outer and inner flow fields.
Inner flow field
The slenderness parameter, ε , a ratio between the length of the ship and the beam ( 1 B L ε = << ), is introduced under the assumption that the ship is a slender body. The following assumption can be made by using this slenderness parameter ( ε ).
(1),
where i L , i B and i d represent the length, beam and draught of the i -th ship, respectively. In addition, the water depth, H , has the same order as the draught of the ship, i.e.
( )
, and the lateral distance between two ships and the lateral distance from side wall of the channel can be expressed
(1)
, respectively. In addition, the lateral distance between ship 1 and ship 2 is indicated by P S in Fig. 1 . T S represents the longitudinal distance between two ships. The velocity potential in inner flow field can be considered as follows (Kijima et al., 1991) :
where (1) (4)), respectively. It is not necessary to solve these equations because the two dimensional perturbation method uses the matching condition with the velocity potential of the outer flow field and obtains the final velocity potential for the whole flow field. In order to match with the velocity potential of the outer flow field, it is needed to calculate the outer limit of the inner flow field. At first, for
(1) i Φ , the following equation can be derived from the mass conservation suggested by Yeung (1978) . Φ , because of the restricted clearance between the bottom of the body and the bottom of the water, an asymmetric effect is observed, which is determined by the relationship between the sectional shape of the body and the bottom of water, in both up-stream and down-stream value (2) i Φ . In principle, this effect is called the blockage coefficient. The added mass of the body is related to this effect (Sedov, 1965) . The outer limit of the inner flow field potential (2) i Φ can be written as the following equation by Sedov (1965) .
( ) i i C x is expressed by using the approximated equation as a function of rectangle sectional area suggested by Taylor (1973) .
Substituting Eq. (9), Eq. (10) and Eq. (11) into Eq. (8) gives the final matching condition which is the outer limit of the potential in the inner flow field as follows,
Outer flow field
The outer flow field can be considered as follows with the similar approach which was done previously.
Now, the velocity potential in the outer flow field is represented by distributing the source/sink and vortex on the centerline and wake (Kijima et al., 1991) . The following equation represents the velocity potential with combination of these singularities and their Green function.
where ( , ), ( , )
are the strengths of source/sink and vortex on the i -th centerline and wake, respectively. i ds is the centerline segment of the body or the extended line segment for the location of free vortices location.
( , ; , ), ( , ; , )
are the Green function for source/sink and vortex, respectively and can be written as follows,
where ( , ; , ), ( , ; , )
x η x η are harmonic Green functions for the source/sink and vortex which are added to the main Green function due to the existence of the sidewall, respectively. Differentiating these equations for i y yields the following equations.
Because the source/sink and vortex are located on the centerline of the body, i η is zero. Now, the inner limit of the outer potential at the outer flow field can be written as follows,
Matching the two flow fields and integral equation
As mentioned previously, the two flow fields (inner and outer) were considered separately. Now, it should be considered to match the matching condition at the overlapping flow field ( 
Substituting Eq. (18) and Eq. (12) into Eq. (19) and removing the * i V term (Kijima, 1991) , the following integral equation
Finally, it is necessary that the vortex in the outer flow field should be satisfied with some additional boundary conditions (Kutta condition and Kevins's theorem), because the characteristics of the outer flow problem is very similar with the characteristics of the unsteady two dimensional airfoil problem. Satisfying these boundary conditions guarantees both reasonable outer flow field around the body and unique solution of the given governing equation. These additional boundary conditions can rewritten as follows (James, 1972) ,
Forces and moment
By solving Eq. (20), the strength of the bound vortex i γ can be obtained, and it is possible to obtain the force and moment acting on the body in a certain time step. The linearised pressure difference ( , ) i p x t ∆ along the -direction can be expressed as the following equation by Bernoulli's theorem.
where ( , ) i i
x t φ ∆ is the difference of potential along the -direction and can be written as follows,
Differentiating the above equation gives the following equation.
With this, the final form of Eq. (24) becomes as follows,
The lateral force i F and moment i M acting on the body can be obtained by the following equations.
i F and i M obtained from Eqs. (28) and (29) are the force and moment per unit water depth in the two dimensional x y − plane. In order to consider the effect of water depth in the force and moment, the water depth H should be multiplied to the above equations.
VALIDATIONS
The theory for the two dimensional perturbation method was introduced in the previous section. The validations of the two dimensional perturbation method are carried out and the results are compared with the experimental results of Dand (1981) and the RANS results of Chen et al. (2003) in this section. The force and moment are non-dimensionalization as follows : 
Test setup
The main particulars of the ships used in the validations are presented in Table 1 , and the body plans are presented in Fig. 2 . Model 5232 is a single-screw cargo-liner type and model 5233 is a tanker. All the results presented in the Dand (1981) relate to model 5233 (the only fully instrumented model) when passed by model 5232. Model 5233 was driven directly from the towing carriage since the model was fixed to it and to all the instrumentation. Model 5232 was independently driven by an electric motor along a special constructed monorail. Both models were equipped with a centreline rudder fixed at the amidship position for all runs. The experiments were conducted in the shallow water section of the NMI model basin number 2. This section is 90 m in length and 6.1 m in width. The water depth of the basin can vary from 0 to 0.56 m. With this dimensions of the model basin, the tank width-ship breadth ratio is 12.90 for model 5232 and 12.05 for model 5233. As it is mentioned above, the only instrumented model was model 5233 (own ship) connected to the carriage. By means of force gauges, the X (surge) and Y (sway) forces and the N (yaw) moment were measured at the passage of ship model 5233. Furthermore, it was possible to measure the dynamic trim and sinkage of model 5233 by two resistive linear displacement transducers. Model 5232 (passing ship) was running on a track and carried no measuring instrumentation. Three different cases of interaction between the models are considered as follows :
• Ships passing along parallel courses (referred as overtaking encounter) • Ships passing on reciprocal parallel courses (head-on encounter)
• The effect on a stationary, (zero-speed moored) ship when passed by another (passing vessel) In order to compare with the results from RANS simulations (Chen et al., 2003) , the calculation matrices presented in Table  2 was selected. The moored-passing ship interaction cases will be discussed after validations with the experiment and RANS (Chen et al., 2003) calculations because the limitation of the two dimensional perturbation method for the calculation of the moored-passing ship interaction is needed to be treated specially. 
Validation I (Head-on encounter)
The effect of the variation of the lateral distance between the two vessels are presented in Fig. 3 through Fig. 5 . The difference between experiments and computations (the two dimensional perturbation method and RANS method) becomes smaller as the lateral distance increases larger. For the lateral force, it seems that the results of the two dimensional perturbation method is more closer to the experiment than the one of RANS. However, it seems that the results of RANS for yaw moment are more closer to the experiment than the results of the two dimensional perturbation method. In Fig. 6 through Fig. 9 , the effects of the variation of the ship speed on two head-on encountering general cargo vessels are presented. In these results, the results of the two dimensional perturbation method are computed in a satisfactory way and showed a typical pattern of the ship-ship interaction in the lateral force and the yaw moment. 
Validation II (Overtaking encounter)
Similar conclusions as head-on encounter can be drawn for overtaking encounter of the two vessels. There are no comparable results from RANS simulations. Therefore, the calculation results are presented and compared with the experiment data only for the overtaking encounter. As water depth becomes shallow as presented in Fig. 10 through Fig. 11 , the error between the two dimensional perturbation method and the experiment increases because the non-linear effect from both the free-surface and the bottom becomes stronger. The effect of the lateral distance between the two ships is presented in Fig. 12 and Fig. 14 . All results agree with the experimental results well and more accurate than the results of the water depth effect cases. 
MOORED-PASSING SHIP INTERACTION
The last topic for the ship-ship interaction is a moored-passing ship interaction. The limited functionality of the two dimensional perturbation method such as the singularity problem when obtaining the source/sink strength makes it difficult to solve such case. Of course, it is possible to solve the moored-passing ship interaction if the two dimensional diffraction theory is combined with the two dimensional perturbation method. However, this makes the problem more complicated. The two dimensional perturbation method itself keeps the theory much simpler than other direct three dimensional approach such as the panel method.
In order to apply the two dimensional perturbation method to this kind of problem with the practical point of view. The author proposes the following procedure presented in Fig. 15 . Fig. 15 Proposed procedure to estimate moored-passing ship interaction with two dimensional perturbation method.
As presented in Fig. 15 , it is necessary to use RANS method in order to obtain the result for the moored-passing ship interaction case. Because there was no applicable digitized three dimensional geometrical data of the hulls used in Dand (1981) , other published hull data (KVLCC1 and KCS) are used for comparison purpose with the experiment results by Vantorre et al. (2002) . Of course, the hull data are not exactly the same as the experiment, but at least it is one way to validate the purpose of the proposed method.
RANS based approach
As mentioned previously, OpenFOAM solver with Arbitrary Coupled Mesh Interface (ACMI) moving grid functionality is 
The grid system and the boundary conditions are presented in Fig. 16 . The calculation condition is presented in Table 6 . Total grid size is about 2.0M cells and standard k-ε was used for the turbulence model. In order to capture the free-surface, Volume of Fluid (VOF) was applied and ACMI technique was applied in-between the two ships (see Fig. 16 ).
KVLCC1 moves as the passing ship with 1.38 knots in model scale and KCS is stationary as the moored ship. E (container-tanker) cases of the experiment performed by Vantorre et al. (2002) . It can be thought that this different comes from the effect of hull form. The same observation can be found in the yaw moment presented in Fig. 17 . According to Vantorre (2002) , it was mentioned that the general pattern valid for the encounter manoeuvre may not be applicable if the target ship's speed is small (or zero). Therefore, it is difficult to find out the similarity among those results. But both the RANS result and the experiment give the information for the proposed procedure which is explained in Fig. 15 .
However, the further study of the RANS method on the ship-ship interaction is needed, and more case studies shall be carried out for the future research. 
Two dimensional perturbation method approach
As presented in Fig. 15 , the sensitivity tests for the speed of the moored ship were carried out to address how the two dimensional perturbation method can give the results with very slow speed and what is the reliable range of the speed for the moored ship. The calculation matrices are presented in Table 7 . The calculations were carried out under the condition that the speed of the passing ship is 1.38 knots(model scale) and the speed of the moored ship are 5% and 10% of the passing ship, respectively. The comparison results with the experiment performed by Vantorre are presented in Fig. 19 . The pattern for the lateral force and the yaw moment becomes different the slower speed of the moored ship. When the speed of the moored ship becomes 5% of the speed of the passing ship, the similar pattern is observed as the results of the RANS simulation and experiment. Therefore, the lateral force and yaw moment of the moored-passing ship interaction can be estimated by using two dimensional perturbation method with 5% of the speed of passing ship as proposed. Fig. 20 presents the estimated results for the moored-passing ship interaction. In order to validate the proposed method, the other moored-passing ship interaction case done by Dand (1981) is calculated and compared in Fig. 21 . As presented in Fig. 21 , the lateral force and the yaw moment are estimated well.
CONCLUSIONS
This study presents a number of topics. One was the validation results with both the experiment and the RANS calculations. Based on the this validation results, it can be thought that the two dimensional perturbation method is very useful in the practical applications such as a ship handling simulator, a harbor design and so on. Secondly, it proposes that the guide using 5% of the passing ship's speed can be applicable as the moored ship's speed when using the two dimensional perturbation method on the moored-passing ship interaction study with a practical point of view. Finally, the RANS calculation using ACMI technique instead of the overset was applied in the moored-passing ship interaction problem in the present study and it seems that the RANS using ACMI can be applicable in the ship-ship interaction. However, more detail parameter studies are necessary in order to obtain an accurate result in this kind of research. 
